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Cassini End of Mission
Motivation

• Ballistic trajectory, final five Saturn periapses flying between rings 
and atmosphere

• Final untargeted, distant flyby of Titan places spacecraft on 
impacting trajectory

• Plunge into atmosphere with High-Gain Antenna on Earth-point
• Collect Doppler data until drag torques antenna off Earth
• Line of sight velocity change information used to fit correction to 

Saturn atmospheric density profile
• Only chance for navigation team to directly investigate Saturn 

atmosphere
• One of the Cassini Mission’s final science investigations



Geometry of final Cassini orbits
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maintenance, which further increased Cassini’s position uncertainty at its final Titan encounter and 
during the Grand Finale orbits.  

Continuing from where the previous report left off and covering through end of mission, this 
paper completes reporting of Cassini orbit determination mission operations1. The last year and a 
half of the Cassini mission was made entirely of Titan encounters, with a few nontargeted distant 
icy satellite flybys of note. The F-ring orbits formally started with T125 in December 2016, while 
the Grand Finale orbits lasted from T126 in April to the end of mission in September 2017. The 
paper reports on the navigation flyby accuracy relative to our encounter predictions, and some par-
ticular events that required the navigation team attention, namely, a stellar occultation by Encela-
dus, a flyby of one of Saturn’s rocks, and Saturn’s atmospheric density being about 300% denser.  

 

 

NAGIVATING THE LAST YEAR AND A HALF 

Highlights of Recent Orbit Determination Changes 

The Cassini navigation team includes two sub-teams: the orbit determination team (OD) and the 
flight path control team (Maneuver). The goal of the team is to deliver the spacecraft to pre-deter-
mined satellite flyby target locations at specified times based on a design reference trajectory2.  

The OD team is responsible for computing the spacecraft orbit, both in the past and predicts of 
its future course, along with the associated error estimates. The reconstructed and predicted space-
craft ephemeris are disseminated to the rest of the flight team to support spacecraft operations and 
science activities. Over the first eleven years of Saturn orbital operations, five papers have covered 
Cassini’s OD performance. The last 10 months could be described as a whole new mission com-
pared to the lifetime of Cassini; the navigation team still had to adapt to unmodeled errors and 

Figure 1. Cassini's F-ring and Grand Finale orbits. Source: https://saturn.jpl.nasa.gov/galleries/graphics/



Plunge characteristics

• Cassini’s  Rev293 final plunge into Saturn
– 15-SEP-2017 10:33:17 ET (last tracking data point)
– +10.7° N latitude, -54.31° E longitude
– Saturn in Northern Summer, line-of-sight Earth visibility for impact
– 63.3 mm/s drag ΔV accumulated prior to loss of signal
– Coherent two-way tracking on 70-m station DSS43
– Spherical frontal area model equal to 20.5 m2, fixed drag coefficient CD=2.1

Source: https://saturn.jpl.nasa.gov/galleries/graphics/



Prediction Model
Atmospheric Density Models

mass of the spacecraft appear as a product in the acceleration formula, only one of those scalar
quantities can be estimated independent of the others. For this analysis, we focus on extracting
density information and hold the other quantities fixed.

There are two models used to describe Saturn’s atmospheric density here, one for prediction and
one for estimation. The first is a project density model based on atmospheric star occultation data
used for planning Cassini’s final orbits. This model’s prediction is updated based on the last five
revolutions of Saturn prior to atmospheric disposal. The model used for estimating corrections to
the density profile is an approximation of the project model using a layered, altitude-dependent
exponential atmosphere. This allows estimation of base densities for each layer at break points
defined by the accumulated acceleration due to drag.

A priori Atmospheric Density Model

The project density model is based on the work in Koskinen et al.2 delivered to the navigation
team by Darrell Strobel, and has a dependence on radial altitude with respect to Saturn r and plane-
tocentric latitude ✓. The formula in Equation 2 gives a number density of H2 molecules in Saturn’s
atmosphere with constants given in Table 1. This is converted to a mass density using the molar
weight of hydrogen molecules. The second exponential term is for coverage of the lower altitude
regime.
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Table 1. 2017 Cassini Project Saturn Atmosphere Model

Parameter Symbol Units Value

Number Density (Output) n cm�3

Radius (Input) r km
Latitude (Input) ✓ rad

Reference Number Density n0 cm�3 1.26e10
Unitless Constant �0 352.1

Altitudinal Constant H km 65
Reference Radius Rt km 61700

Latitudinal Constant �✓ rad 1.05

This model was used in planning the trajectory for the Grand Finale and serves as the basis for
further analysis.

Exponential Atmosphere Estimation Density Model

In order to examine finer variation of atmospheric density with altitude, a layered, exponential
atmospheric profile is implemented in NASA JPL’s Monte software.3 This density-driven profile
allows estimation of a base density for each layer, defined with altitude by the user. The density at
a given point ⇢ is given by Equation 3 where the subscript “i” stands for the characteristics of the
base of the layer in altitude h and scale height H . The scale height in Equation 4 is computed such
that continuity is enforced at the layer boundaries.
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• Project Atmospheric Density Model
– Based on occultation measurements from Koskinen et al.
– Produces number density, convert to mass density assuming H2 atmosphere
– Used for mission planning predictions
– Dependence on altitude and latitude
– Predict updated based on experience flying last 5 Saturn periapses



Estimation model
Atmospheric Density Models

• Exponential Atmospheric Density Model
– Base densities estimated in layers, lowest layer encompassing loss of signal
– Layer transitions when accumulated drag acceleration is 10x Doppler noise
– Scale height computation enforces continuity between layers
– Altitude-dependent only, specific to plunge latitude
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A priori base densities are taken from the project model and implemented in the layered expo-
nential profile. Initially, the estimation model is a very close approximation of the project model.
Corrections to the base densities are computed from the drag acceleration information present in the
Doppler data collected during Cassini’s plunge into the atmosphere. Layers are defined such that the
accumulated acceleration due to drag in each layer is at least ten times the noise in the Doppler data
residuals. This is similar to the methodology used in analyzing the density of Titan’s atmosphere
in Boone,4 except there is no outbound portion of the flyby. The choice of a priori values for the
base densities is an iterative process. The initial values were taken from the project model at the
chosen altitude break points and 100% uncertainty applied to those values in the estimation. After a
series of initial fits, a priori values equal to the uncertainties in Table 2 were chosen. The following
section details the inputs to the orbit determination filter.

ORBIT DETERMINATION PROCESS

The methodology of orbit determination is used to determine Saturn’s atmospheric density by ex-
tracting dynamical information from two-way radiometric tracking data collected by NASA’s Deep
Space Network during Cassini’s final encounter with Saturn’s atmosphere. The Cassini Naviga-
tion Team uses an epoch-state Kalman filter implemented in JPL’s Monte software to estimate the
spacecraft’s trajectory around Saturn as well as other relevant parameters such as Saturn’s extended
spherical harmonic gravity field. This section describes the data used, the forces modeled, and the
parameters estimated and considered in this experiment.

Data Arc

The traditional OD arc for Cassini spans from the apoapsis before one Titan flyby to the apoapsis
after a second flyby. In the proximal mission after T126, this was modified to include several Saturn
periapsis encounters or “revs”. For this analysis, we focus on the final plunge of Cassini into Saturn
atmosphere and begin at the apoapsis prior to Cassini’s final descent. This arc starts on 12-SEP-
2017 12:00 ET and the integration ends just past the final received Doppler point at 15-SEP-2017
10:35 ET. The time system used is ephemeris time (ET) which is Universal Coordinated time (UTC)
kept at the spacecraft. Several tracks of sixty-second compression Doppler data anchor the epoch
state of the spacecraft and one-second compression time Doppler data is taken once the atmospheric
drag begins to affect the spacecraft. The data is weighted at 1xRMS of the Doppler residuals for
both compression rates, with the one-second data exhibiting more noise than the sixty-second data
by a factor of 1/

p
60. Range data is not used for this study as the incoming spacecraft trajectory is

well known and the dynamic information regarding the atmosphere is contained in the Doppler.

Force Modeling

The dynamic models used in this analysis were updated using estimates from the final five Saturn
periapses where Cassini flew between Saturn’s rings and atmosphere. A reconstruction of the arc
containing the last five revs produced updates to the a priori values and covariance of the zonal
harmonic gravity field of Saturn for degrees two through eight. The Saturn GM value was taken
from the Cassini trajectory reconstruction which included the final targeted Titan flyby T126, since
the satellite system GMs and ephemerides are estimated as a set. These values are corrections to the
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Source: https://saturn.jpl.nasa.gov/galleries/graphics/



Estimation arc setup 
Orbit Determination Process

• Data arc:
– Want to minimize number of parameters in filter
– Arc focused on plunge, begin near apoapsis of final orbit: 
– 12-SEP-2017 12:00 ET to 15-SEP-2017 10:35 ET
– Three tracks of 60-sec X/X Doppler prior to experiencing atmosphere
– One-sec X-band up/down Doppler tracking during atmospheric entry
– Range data not used

• Force Modeling
– DE435 planetary ephemeris
– Correction to SAT389 Saturn system ephemeris from rev271 reconstruction
– Layered exponential atmosphere for drag modeling
– Saturn zonal spherical harmonic gravity field J2-J8
– Impulsive burn models spindown of reaction wheels
– Spacecraft telemetry for thrusting to counter drag torque
– Stochastic accelerations estimated for mis-modeled forces



Filter configuration in JPL’s Monte software
Filter Setup

at the start of the arc is estimated, along with corrections to the base density values and Saturn
zonal harmonic gravity coefficients to degree eight. The gravity terms estimated are consistent
with the most recently accepted project gravity model and have updated a priori values taken from
a reconstruction of Cassini’s trajectory through the last five revs. The consider parameters are
standard for using Earth-based radiometric tracking data. A drag scale factor is considered at the
level of 5% of the drag coefficient to account for potential errors in the fixed values of the drag
coefficient, projected cross-sectional spacecraft area, and spacecraft mass. The 1� uncertainties
assigned to the base densities are 100% of the a priori nominal values.

Table 2. Filter parameter setup

Parameter Unit Estimated/Considered a priori �

Epoch state S/C position - X/Y/Z km Estimated 0.46/0.08/0.03
Epoch state S/C velocity - X/Y/Z mm/s Estimated 0.52/0.14/0.49

Inbound Density Layer [0] kg/km3 Estimated 2.44E-01
Inbound Density Layer [1] kg/km3 Estimated 1.93E-01
Inbound Density Layer [2] kg/km3 Estimated 1.52E-01
Inbound Density Layer [3] kg/km3 Estimated 1.07E-01

Saturn gravity zonal harmonics unitless Estimated Reconstructed values
Earth pole motion - X/Y deg Considered 8.594E-07

UT1 bias sec Considered 2.5E-04
DSN station locations km/deg Considered 2003 covariance6

Troposphere path delay - wet/dry km Considered 1.0E-05/1.0E-05
Ionosphere path delay - day/night km Considered 5.5E-04/1.5E-04

Drag scale factor unitless Considered 0.105

ESTIMATION RESULTS

In an orbit determination solution run, the equations of motion are numerically integrated to
produce a spacecraft trajectory. The Doppler data is processed and the difference between the
observed and computed frequencies, the residual values, are accumulated and used to compute a
correction to the desired state vector. This process is iterated to convergence, defined as some
threshold of change in the postfit residuals between iterations. Figure 3 shows the prefit observed
minus computed Doppler residuals, where no change has been made to the a priori states. The time
system is Earth Receive Time UTC, which is approximately 83 minutes after events occur at the
spacecraft due to one-way light time travel. About 50 mm/s of unmodeled drag signature is present
in the prefit residuals, which the estimation procedure will flatten by adjusting the spacecraft state
and atmospheric base densities. The majority of this data is at a sixty-second compressions rate,
with the final ten minutes of data compressed at a one-second rate to better resolve variations in the
atmospheric density.

Figure 4 shows the postfit residuals form the second iteration of the OD process, with corrections
applied to the estimated states and a new trajectory integrated using the updated force models. The
one-second data taken while Cassini descended into the atmosphere is fit an RMS of less than 1
mm/s. There is some signature in the residuals at the 0.5 mm/s level prior to the plunge that could
be due to antenna motion as the HGA bounces across the dead-banding pointing tolerance. The
thruster firing model is based on spacecraft telemetry and is not estimated in the filter.
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• 100% a priori uncertainty on base density layers
• Considered parameters don’t have uncertainty reduced in filter
• Zonal gravity field updated from reconstruction of last 5 revs



Prefit Doppler residuals for atmospheric entry (mm/sec)
Estimation results

spindown/up 
data deleted

1-sec compression

Full arc prefit residuals Prefit residuals zoomed on plunge



Postfit Doppler residuals for atmospheric entry (mm/sec)
Estimation results

spindown/up 
data deleted

1-sec compression

Full arc postfit residuals Postfit residuals zoomed on plunge

1-sec compression



Base Density Layer Estimates
Estimation Results

• Uncertainties reflect number of data points in each layer
• Doppler points in lowest layer start exhibiting greater noise
• Scale height on final layer capped at 200 km
• Final Doppler point accumulated 10:33:17 ET (11:55:35 UTC ERT)
• Uncertainties in density estimates 40%-50% of values
• Compare to Titan density experiment, 10%-25% uncertainty

Table 3 shows the iterated corrections to the atmospheric base densities estimated in the OD
process along with their 1� uncertainties. The altitudes were selected such that the accumulated
drag signature in each layer was at least ten times the noise in the Doppler residuals. Additional
layers above 1436 km do not have sufficient data strength to compute a meaningful correction; the
filter does not reduce the a priori uncertainty in this regime. Similarly, there are a few Doppler
points remaining that were collected while the spacecraft was below 1304 km, but the noise in the
data grows as the High Gain Antenna was on the verge of being torqued off Earth-point.

Table 3. Base density layer estimation results

Base altitude (km) Base Density (kg/km3) 1� uncertainty (kg/km3) Scale Height (km)

1304.4 2.59E-01 1.06E-01 418
1341.6 2.11E-01 9.44E-02 381
1379.3 1.68E-01 7.42E-02 383
1436.6 1.19E-01 5.77E-02 200

Corrections to the Saturn gravity zonal harmonics were less than half-sigma level since the a

priori values were updated based on data from the last five revs about Saturn. Differences in the
integrated spacecraft trajectory between the final operations solution and the solution including
atmospheric density estimation was about 200 meters. Figure 5 shows the variation of atmospheric
drag acceleration with spacecraft distance from Saturn during the final ten minutes of Cassini’s life.

Figure 5. Saturn atmospheric drag at final plunge

The dotted red line near the x-axis represents the 1-bar surface radius of Saturn. The green steps
plotted show the constant acceleration batches that model RCS thrusting to counteract atmospheric
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Atmospheric drag estimated profile during plunge, 15-SEP-2017
Estimation Results

1-bar surface radius



Comparison to results from other sources
• Error bars plotted as +/- 1σ
• Predicted atmosphere based on data from last five Saturn revs, 

scaled up from nominal project atmosphere model
• INMS counts converted to mass density assuming H2 atmosphere



Summary

• Final plunge was only opportunity for NAV team to estimate a Saturn 
atmospheric density profile

• Layered exponential atmosphere fit using Doppler data
• Doppler fit to an RMS noise level of less than 1 mm/s
• OD modeling changes cause only small differences in density values 
• Uncertainties in density estimates 40%-50% of values
• INMS measurements agree with NAV at 2σ level
• AACS working on adapting torque estimation method for plunge
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